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The effect of free-carrier screening on the kinetics of evolution of relaxation processes in non-
equilibrium photoexcited plasma in polar semiconductors is investigated. We compare numerical re-
sults obtained for GaAs under three different assumptions: neglecting screening effects, using a
screening factor in the Debye-Huckel approximation, and introducing screening effects by means of
a dielectric function calculated in the random-phase approximation.
I. INTRODUCTION
The study of relaxation of hot photogenerated carriers
in semiconductors has received widespread attention, ex-
perimental' as well as theoretical, in recent years. This is
a consequence of the interest in the interpretation of ex-
periments in ultrafast laser spectroscopy and laser anneal-
ing. These kinds of experiments are of relevance because
they provide insight to the underlying basic physics in-
volved and also offer valuable information for technologi-
cal applications in semiconductor devices.
The experimental results show that the cooling of the
carriers becomes less effective at high concentration lev-
els. This is a consequence of the diminishing rate of ener-
gy emission by the hot carriers in the high-density regime.
Two possible mechanism have been suggested to explain
this effect. The first is the screening of the electron-
phonon interaction. The second is the appearance of
nonequilibrium distributions of phonons, which enhances
phonon absorption by the carrier system thus reducing the
rate of cooling of the latter, which is produced mainly
through phonon emission. We address this question in
the present paper. For that purpose we derive the non-
linear generalized transport equations (NGTE) that
govern the irreversible evolution of the highly photoexcit-
ed plasma in direct-band-gap polar semiconductors
(HEPS). This is done resorting to the nonequilibrium sta-
tistical operator method (NSO), which is considered a
far-reaching generalization of the Chapman-Enskog
method. We apply the theory to the case of a GaAs sam-
ple submitted to different laser pump intensities and reser-
voir temperatures, and we determine the time evolution of
the effective temperatures of electron-hole pairs and LO
phonons. In order to investigate the screening effect, we
have solved the NGTE that describes the macroscopic
evolution of the nonequilibrium photoexcited plasma in
the semiconductor under three different assumptions:
neglecting screening effects, using a screening factor in
the Debye-Huckel approximation, and introducing screen-
ing effects by means of a dielectric function calculated in
the random-phase approximation and the long-wavelength
limit.
In the next section we describe the model to be con-
sidered and we give a brief review of the theory; in Sec.
III we present the numerical results; finally, Sec. IV is
dedicated to comments and conclusions.
II. THE THEORETICAL APPROACH
Consider a GaAs sample excited by a pulse of intense
laser light. Under illumination conditions that bring the
photoinjected carriers on the metallic side of the Mott
transition, which implies concentrations typically on the
order of or larger than 10' cm, the electron-hole sys-
tem becomes internally thermalized on a subpicosecond
time scale; this is a result of the strong long-range
Coulomb interaction. After this thermalization process
has occurred, the carrier system can be described by the
set of nonequilibrium variables composed of the effective
temperature of carriers, T,*(t), and the quasichemical po-
tentials of electrons and holes, p, (t) and pt, (t). On the
other hand, experimental and theoretical evidence shows
that internal thermalization of LO-phonon modes occurs
in two stages. In the beginning of photoexcitation a suit-
able description of the macroscopic state of LO phonons
would be in terms of the set of occupation numbers
vq: 6 q& q with q running over the entire Brillouin zone.
A second stage sets in at the time of near thermalization
of LO-phonon modes and carriers; in that stage the LO-
phonon system can be characterized by an effective tem-
perature TLo(t).
The carriers dissipate their excess kinetic energy
through different relaxation channels. We consider here
the most relevant, which are (1) spontaneous recombina-
tion, (2) interaction with longitudinal optical phonons via
Frohlich potential, and (3) interaction with acoustical (A )
phonons via deformation potential. We neglect stimulat-
ed recombination, self-absorption, and Auger effect
among other effects which have no noticeable contribu-
tion in the early stages of the relaxation processes that are
the object of the present study.
Anharmonic decay of LO phonons into 2 phonons is
incorporated in the NGTE in the relaxation-time approxi-
mation. It is assumed that local lattice heating in the fo-
cal zone of the laser beam is negligible, i.e., experimental
conditions are supposed to keep acoustic phonons in fairly
constant equilibrium throughout the sample with a heat
reservoir at temperature To. The radiation field associat-
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FIG. 2. Evolution of LO-phonon effective temperature calcu-
lated in the conditions of case A.
rier cooling is due to the appearance of nonequilibrium
distributions of LO phonons.
Case B. Now we consider a pulse of 1 ps duration,
peak intensity 7,4X10 Wcm, and photon energy %~1
of 4 eV. Excess energy per pair is 2.6 eV. Lattice tem-
perature is 300 K. We take ~=30 ps. The greatest carrier
concentration attained is 1.2)&10' cm in a time on the
order of 1.5 ps. Figure 3 shows the evolution of T,*(t) for
the three cases we are considering. Figure 4 describes the
evolution of TLo(t) Also in . this case, in which is ob-
tained a maximum concentration approximately seven
times. greater than in case A, the influence of the screen-
ing effects is not significant.
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FIG. 4. Evolution of LO-phonon effective temperatures cal-
culated in the conditions of case B.
Case C. Finally we consider a situation identical to the
case 8, except for the value of the peak intensity, that is
now 1.5)& 10' Wcm . The greatest carrier concentra-
tion attained is 9.6&10' cm, eight times greater than
in case B, in times on the order of 1.9 ps. In Fig. S we
present the evolution of T,*(t) for the three forms of the
FI. As opposed to the previous cases A and 8, the screen-
ing of the FI leads to noticeable modifications in the
behavior of the time evolution of the system before
thermalization with the LO phonons takes place. Figure
6 shows the evolution of TLo(t).
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FIG. 3. Evolution of carriers effective temperatures calcu~dt-
ed in the conditions of case B, described in the main text. See
caption to Fig. 1 for the meaning of the origin of time and ar-
row.
FIG. 5. Evolution of carriers effective temperatures calculat-
ed in the conditions of case C, described in the main text. See
caption to Fig. 1 for the meaning of the origin of time and ar-
row.
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FIG. 6. Evolution of LO-phonon effective temperatures cal-
culated in the conditions of case C.
IV. COMMENTS AND CONCLUSIONS
We have used the nonequilibrium statistical operator
method to study the energy relaxation of hot photoexcited
carriers in direct-band-gap polar semiconductors. We ver-
ify that the occurrence of a nonequilibrium LO-phonon
population has a fundamental importance in this relaxa-
tion. Large percentage difference between TLz and To
results when To is low, and these differences are more
pronounced for increasing values of carrier excess kinetic
energy (larger laser photon frequencies) and carrier con-
centrations (larger laser intensities). When T,* ~ TLo, the
FI is a very effective channel of energy transfer and T,*
drops rapidly (with a relaxation time of the order of 1 ps)
until they thermalize with the LO phonons, and thereafter
T,* decreases slowly (relaxation on times of the order of 1
ns) towards final equilibrium. The screening effect seems
to be relevant only in the early stages of the relaxation
processes and at high concentrations of photoexcited car-
riers (n & 10 cm ). Our results show that the Debye-
Hiikel approximation, when compared with the random-
phase approximation, produces a larger screening effect;
this is more evident in the range of T, values that are no
longer much larger than the electron Fermi temperature,
and the Deybe-Hukel model is overestimating the screen-
ing of the FI. The anharmonic processes play the funda-
mental role in the relaxation towards final equilibrium.
The effectiveness of this channel, in our approximation,
depends on the value of ~, which is the only free parame-
ter in the theory and was selected based on experimental
data. "
We recall that we have applied the concept of effective
temperature to the LO-phonon system in the first stages
of the relaxation processes when its macroscopic state
should be described by the set of occupation numbers vq,
and consequently our results are valid within this approxi-
mation. Recently Potz and Kocevar, ' looking into the
same problem, came to the conclusion that the mechanism
for the slowing down of the energy transfer from the hot
carriers to the lattice is the reabsorption of energy and
momentum from excited LO modes to the carrier system,
and that during this process the carrier cooling is driven
by emission of TO phonons by holes via optical deforma-
tion potential. The question of ultrafast relaxation pro-
cesses in highly excited polar semiconductors is certainly
not satisfactorily settled at present. Additional systematic
theoretical, and mainly experimental, work is required to
get a better comprehension of this problem. Details of the
dynamics of LO phonons in ultrafast laser spectroscopy
experiments, as well as the influence of TO phonons'
would be desirable. Our present contribution reinforces
the fact that carrier screening has a nonrelevant contribu-
tion to the overall pattern of relaxation processes in hot
semiconductor plasma.
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